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ABSTRACT
The purpose of this investigation was to examine 
design methods which may be used to study stresses which 
occur in transportation vehicles. The major area of 
uncertainty in this field occurs in relation to dynamic 
aspects and it was determined to apply the use of the 
moire fringe technique in conjunction with models to study 
impact and vibration effects in structural members.
The basic geometry of the moire pattern is noted. The 
methods and principles employed by previous workers to 
study statically loaded structures are investigated to 
establish the techniques required for moire analysis.
These principles are then applied to models subjected to 
dynamic forces, making use of high speed cameras.
Vibration studies are undertaken over a range of 
forced steady cycles which prove the application of the 
technique to high speed deflection of members. The 
suitability of plastics for use in dynamic work is also 
examined.
The principles are then applied to analysis of impact 
deflection by means of a drop weight on a cantilever beam. 
The results show excellent agreement of the deflection 
impulse obtained by the moire method as compared with 
deflection measured by a linear transducer.
General techniques are established for the excitation 
and impacting of structural models and for recording of the 
moire fringe pattern.
A list of references relating to analysis of structural 
members used in transportation vehicles and also to impact 
studies has been compiled and is included in Appendix 4 
for possible future work.
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( i i i )
p spacing of displaced grid ins.
n . number of fringes
N number of lines per inch for reference grid
9 angle of rotation of grids degrees
h fringe spacing ins.
W,E,P load lbs.
a, c,l length ins.
fb stress p. s.i.
eb strain ins. per in.
E modulus of elasticity p. s. i.
I moment of inertia ins. 4
y distance of extreme fibre ins.
b,d breadth, depth ins.
H horizontal reaction
V vertical reaction
Ke spring stiffness lbs. per in.
M' mass lbs. sec? ins7
c constant
fn frequency cycles per sec
% work done in. lbs.
H height ins.
s deflection due to impact ins.
S static static deflection ins.
U elastic strain energy in. lbs.
M moment in. lbs.
K energy loss constant
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* INTRODUCTION
1.1 PROBLEMS IN DYNAMIC DESIGN
One of the major causes of failure in transport 
equipment is due to the effects of. high impact loads, or 
to the cyclic applica-tion of smaller loads producing 
metal fatigue.
This problem is accentuated by the fact that a design 
which would accommodate a predicted cyclic load for a 
reasonable life span can be jeopardised by the effect of 
an impact load causing crack initiation which would then 
propagate at the design load and result in fatigue failure 
in a greatly reduced time. The existence of stress 
concentration points can also lead to premature failure in 
service. .
1.11 CONTAINERISED TRANdPQRTATION
The recent advent of containerised handling of 
materials for transport has generated the necessity for . 
simple, large-scale, modular containers. The basis for 
design in this highly competitive industry is low cost and 
light weight at maximum structural strength.
In addition to static vertical loads imposed by 
stacking of containers, up to six units high, and those 
loads encountered by comer lifting of containers, inertia 
loads caused by impact and vibration must be accommodated. 
This is generally achieved by means of integral frame and 
floor members, with thin section side plates being required 
merely to contain the freight. These are often folded or
3 0009 02987 9306
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flutea to allow further reduction of thickness*
The International Standards Organisation requirements^"^ 
specify static load and lifting tests, designed to 
adequately check the strength of the finished prototype. 
However, the initial design is usually based on a predicted 
impact load factor which allows over-design by a safety 
margin. Determination of this impact factor is left 
largely to the discretion of the designer.
1.12 TRANSPORT VEHICLES
A similar trend exists towards light weight design 
in transport vehicles. Payload to dead weight ratios in 
the order of 3:1 are currently being achieved, for example, 
in bulk coal handling wagons of steel construction. Every 
increase in this weight ratio which can be obtained by 
optimisation of the design method, results in lower cost 
per ton of freight transported.
The major loads to be considered in such vehicles are 
also due to impact* In the case of rail wagons, the 
impact load is transmitted through a shear plate and main 
ba.se frame. This load, applied on the springmounted draft 
gear, is reacted by inertia of the car and payload, with a 
resulting pitching moment, which must be resisted by the 
car structure. An assumed load distribution must be taken 
throughout the structure and this is generally based on 
experience gained in full scale tests. In addition, 
vibration loads caused by continual buffing produce fatigue 
failure of shear plates and body—sill connections. To 
accurately determine load distribution and vibration 
effects, the energy absorbing characteristics of the 
mountings must also be considered.
3
1.2 METHODS OF ANALYSIS
In each of the previous cases, full scale testing is(2 )usually warranted. A paper by Campbell and Jenks , 
entitled "Design & Testing of a Self-Supporting Aluminium 
Covered Hopper Car” outlines a completed test programme 
which included static, impact, road and fatigue studies, 
all of which are necessary in order to fully assess the 
accuracy of the design assumptions on which the prototype 
was based. •
These tests are expensive and time-consuming, 
involving dozens of strain gauge locations and elaborate 
dynamic recording equipment. Temperature compensation and 
noise elimination is required. Difficulties result in 
obtaining and accurately recording loads and speeds to 
establish actual test conditions. Labour requirements to 
perform tests and the cost of the test prototype are all 
additional overheads to be charged against the final 
production unit.
The usefulness of the results obtained from the 
strain gauge readings also depends on the ability of the 
designer to predict and locate points of stress variation 
or concentration. It is clearly apparent that a simple 
and inexpensive method of analysing the effects of impact 
and vibration in structural frames with varying degrees of 
restraint would be of considerable benefit to the , ,
transport industry. However, the problems of dynamic 
analysis by analytic means are often complex.
When a body comes under the action of a suddenly 
applied load, the force is not transmitted at once to all 
parts of the body. Nor is the effect of the force 
distributed uniformly throughout the body. Where the
4.
shape of the body or the arrangement of members within the 
body is complex, the determination of stresses produced is 
most difficult.
Analytical studies VJ>'of wave propogation are 
available, but solutions for even the most elementary 
structures are formidable. Numerical finite difference 
methods 1 can be applied to structures and plates, but 
require a large array of grid points to obtain accurate 
results, even for relatively simple boundary conditions.
The most used methods of experimentation achieve 
measurement of surfact strain by extensometers and strain 
gauges. The associated difficulties of expense, time and 
single point application have already been elaborated. 
Photoelastic studies have also been used to study impact 
but this method requires a large number of measurements 
and calculations to be carried out and the resulting 
accuracy is rarely better than 5 percent.
1.3 SCOPE OF THIS WORK
Use has been made of the moire fringe technique to 
study displacements in structural members This
technique is simple and requires relatively little 
equipment for analysis. A high degree of accuracy can be 
obtained using a relatively coarse grid spacing and the 
method is ideal for use with models. The economical 
advantages of such a study during the design stages of a 
project are considerable.
It is the purpose of this investigation to pursue 
and develop the use of models, in conjunction with the 
moire fringe method of displacement determination in order 
to study impact and vibration effects in complex framed
5.
structures, such as are employed in the transport 
industry.
General techniques are established for the exciting 
of the structural model and for recording of the moire 
fringe pattern. The suitability of plastics for use in 




2.1 THE MOIRE FRINGE TECHNIQUE
The moire fringe pattern may he observed when a grid 
of parallel lines is rotated or displaced, relative to 
another parallel lined grid. When the spacing and 
configuration of the lines is known, the relative movement 
of the two grids may be determined from the fringe 
formation.
The coincidence of a line of one grid with a space of 
the second grid forms a dark fringe. When the line of one 
grid coincides with the line of the second grid, a light 
fringe is formed by the space on either side of the grid 
lines.
The most basic application of moire fringes is in the 
determination of displacement. This fact is used 
throughout the present investigation to obtain deflections 
and rotations of structural members under the application 
of loads and within the elastic limit of the material.
The dynamic techniques developed, however, apply equally 
to strain analysis using moire fringes and some reference 
to this latter aspect is also cited.
2.11 HISTORY ’
Model studies of structures, using "whole field" 
techniques to determine stresses were first suggested by 
David Brewster (6) in 1816. It is only in recent times 




The first mathematical analysis of the moire fringe 
pattern appears to have been presented by 3* Lees in 1919 
in a paper entitled "On Superposing of Two Cross-Line 
Screens at Small Angles & the Patterns Obtained Thereby"^). 
Since the introduction of mechanical interferometry to the 
measurement of displacement by Weller and Shepard^) f this 
phenomenon has been developed extensively in the field of 
stress analysis. Moire fringes have been used by 
Sciammarella and Durelli to analyse elastic strain and
by Vinckier and Dechaene (9) to study plastic strain.
. Dynamic studies have also been carried out by Riley 
and Durelli (10), using moire fringes to determine strain 
propagation in flat plates.
2.12 ADVANTAGES OF MOIRE METHOD
The moire method is a "whole field" technique and 
avoids the necessity to follow a point by point 
determination of deflection or strain, as required by 
analytical grid methods. The deformation pattern for 
the whole element is presented simultaneously, thus 
rendering considerable advantage over other single point 
experimental methods.
In the case of deflection, readings may be obtained 
directly without reference to conversion formulae. Actual 
strains are obtained simply, from one model test, compared 
with the uni-directional methods of photoelasticity and 
strain gauges or the expense of rosettes.
2.13 MODEL STUDIES USING MOIRE FRINGES
The moire method permits the use of a model, 
geometrically similar to the prototype, to which unit loads
or displacements can be applied.
A double exposure method may be used to obtain the 
fringe pattern. A network of lines is superimposed on the 
model and a photograph taken with the model unloaded. The 
film is then double exposed with the model under the action 
. of the required load system and the fringes appear on the 
exposed film.
Alternatively two grids may be applied, one to the 
model and one to a backing sheet. High contrast 
photographic paper may be used behind the grid systems and 
exposed to a flash light with the model under load.
For dynamic work, a continuous record of the fringe 
pattern is required. This can be achieved by using ruled 
grid lines on the model and backing sheet and photographing 
the changing fringe pattern. Self adhesive grid paper is 
commercially available with grid spacings in excess of 100 
lines per inch, which is adequate for most static model 
studies. Finer grids for strain analysis may be obtained 
by'etching or by use of diffraction gratings.
The deformation pattern throughout the member is 
obtained and recorded by super-imposing on a sheet and 
analysed for a given moment of time. High speed 
photography can be used for vibration and impact studies.
Having obtained the deformation pattern, an analytical 
method is applied to determine bending moments and hence, 
the stresses.
2.2 MOIRE FRINGE GEOMETRY .
, The moire fringe phenomenon may be produced by 
superimposing two sets of equally spaced parallel straight 
lines. When one set of lines is displaced relative to the
Pig. 1
Grid A (Not deformed)
Interference pattern
Grid B (Displaced)
Superimposed grid system for 
Lateral Displacement.
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other, an array of light and dark fringes is formed due to 
mechanical interference. The moire fringe is a locus of 
points exhibiting the same value of components of 
displacement along a direction perpendicular to the 
grating lines.
When the displacement occurs in the direction 
perpendicular to the grid lines, the spacing of the 
observed fringes indicates the degree of displacement.
For rotational motion, the displacement is obtained from 
the angular position of the fringes.
2.21 LATERAL DISPLACEMENT
A superimposed grid system is depicted in Fig. 1.
The reference grid is represented by grid A, while an 
identical grid, B is displaced. The interference pattern 
will be composed of dark fringes and points where displaced 
grid lines on grid B fall directly between grid lines on 
grid A, and will occur at the fringe spacing, f. Light 
fringes result when lines on the two grids coincide.
Over the distance between consecutive fringes, grid B 
has displaced by a distance equal to the spacing of the 
reference grid A.
Hence,
Displacement = p x n
~ X n , ........  (1 )
where
p = spacing of undeformed grid, 
n = number of fringes and 











Two identical grids, rotated by a relative angle 0, 
are represented in Fig. 2. The dark fringe pattern is 
formed by the intersection of grid lines. It can be 
shown that the relative angle of rotation of the grids is 
equal to twice the angle of inclination of the fringe 
field.
By similar triangles - 
¿S bed = bee
bd = be .55 P-
Length ad = bd 
and length h
= R
tan 0tan 0 
ad +■ ac
q __  + p tan 9
tan0 2







Sin / p \ (2)
= Angle of rotation of grids and 
= fringe spacing, measured in the direction 
of the stationary grid.
2.3 MODEL ANALYSIS
The preceding analysis has obvious application to 
models. A set of grid lines is applied to a model, 
geometrically similar to the structure under study. An 
identical set of grid lines, referred to as the master or
11.
reference grid, is superimposed on a transparent plate, 
the distance between the model and reference grids must be 
kept to a minimum to avoid parallax error. The model is 
then deformed under the action of applied loads and the 
resulting fringe geometry noted. Fringes are counted, 
starting from a point of known displacement (usually ?ero 
displacement).
When the model and reference grids are accurately 
matched, no fringes appear. This alignment is difficult to 
achieve and the setting up of the model usually produces 
an initial mismatch, which must be taken into account in 
determining fringe order. This mismatch may be counter­
acted by applying equal and opposite displacements and 
averaging the two readings obtained. -
2.4 APPLICATION TO PRESENT WORK
The grid pattern adopted in the present work was 
commercially obtained "Letraset" and consisted of black 
lines on transparent self adhesive paper. The grid line 
spacing used throughout was 50 lines per inch.






Pig* 3 Test Rig for Beam in Pure Bending
12#
USE OF MOIRE TECHNIQUE IN BEAM ANALYSIS
Before attempting dynamic work in structures, the 
technique for measuring deflections in beams under static 
load was developed. At the same time, the static 
properties and suitibility of the proposed model material 
were assessed.
Two studies conducted by Dure H i  & Daniel for 
which results are available, were reproduced to prove the 
technique and order of accuracy of the grid mesh.
3.1 SIMPLY SUPPORTED BEAM
The first case was that of the simply supported beam 
subject to pure bending.
3.H TEST APPARATUS
A 1 inch deep beam was formed from i  inch thick 
Perspex and simply supported between 10 inch centres. The 
beam was loaded in pure bending by means of a lever system 
and weight carrier, as shown in Pig. 3. Rigidity was 
ensured by mounting the beam supports and link pivot point 
on a steel backing plate.
A dial indicator was set up at the centre of the beam 
to check deflection and establish the Modulus of Elasticity 
of the material. This was found to be 499,000 p.s.i. 
Typical calculations are shown in Appendix 1.
3.12- FRINGE ANALYSIS
The model grid was fixed to the beam with the grid 
lines parallel to the axis of the beam. The reference, grid
CHAPTER 3
4 Moire Pattern Por Simply Supported 
Beam in Pure Bending.
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was fixed to a Perspex backing sheet with the grid lines 
also parallel to the axis of the beam. Care was taken in 
aligning the reference grid, so as to avoid initial 
mismatching of the grid lines. A white background was 
used to accentuate the fringe pattern.
Weights were added to the weight carrier in 51b 
increments and the appearance of successive fringes noted. 
The results are tabulated in Table 1, together with 
deflections as measured by the dial indicator, both for 
loading and unloading.
On the formation of the 6th fringe, the fringe 
distribution along the beam was noted, starting from zero 
fringe at the beam support. The corresponding deflection 
for each point along the beam could then be calculated 
from Equation 1 (Section 2.21), one fringe order 
representing 0.020 inches deflection.
The fringe distribution for 0.125 inches deflection 
is shown in Pig. 4.
14
.Carrier Weights




r**' " • . . . . . .  — ■
0 ; 0.005 0.010 j V\l
5 0.016 0.022 | \
oH 1 0.029 0.035 i1st fringe j
15 0.041 0.046 j 2nd fringe j
j 20 ; 0.053 0.059 | I
25 ■ 0.064 0.069 | 3rd fringe j
30 : 0.076 0.081 j ij
• 35 : 0.090 0.096 J 4th fringe j
40
j
; 0.101 0.107 | 5th fringe I
45 ! 0.113 0.119 |j -




To these values must be added the reaction of 
the lever self weight (2.18 lbs.)*
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3.3-3 THEORETICAL COMPARISON AND COMMENTS
The theoretical deflection curve for 0.125 inches 
maximum deflection was calculated on the Olivetti 
Programma 101 desk computer. The programme and formulae 
are set out in Appendix 2. The deflection curve is shown 
plotted in Fig. 5*
The deflection, as calculated from the fringe order 
along the neutral axis of the beam (shown in Fig. 4) is 
also plotted, superimposed on Fig. 5.
It will be seen that excellent agreement with the 
theoretical deflection curve is obtained from the moire 
fringes.
Inclination of the fringe lines to the vertical is 
due to rotational displacement of the beam in the vertical 
plane in addition to the vertical deflection.
3.2 EFFECT OF TRANSIENT STRAIN
A check was made of the effect of transient strain on 
the Perspex material used for the model, to establish 
acceptable time limits for the testing duration in future 
tests.
With a deflection of 0.125 inches, an increase in 
deflection of 0.002 inches was observed over a 10 minute 
period, and 0.005 inches over a 30 minute period.
Maximum Bending Moment = wa = 123.2 ft.lbs.
Stress fb = (wa) yI
= 123.2 1.035
0.0217 2 2, 930 p. s. i
Strain eb =  2.930 499,000 - 0.00588 ins. per in.
Reaction at a is considered 
to be replaced by load W to 
obtain reaction influence 
line.
Pig.6 Simply Supported Beam Overhung
at One End.
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At this stress level, with static load, it is 
considered that transient strain may be neglected for test 
periods up to one hour duration at room temperature. This 
is confirmed by Faupel (Fig. 5.16, page 339)*
During unloading of the beam, a deflection "lag" of 
up to 0.02 inches was observed with the initial test rig, 
although with the removal of weights, there was zero 
permanent set. This deflection lag was attributed to 
friction in the lever pivot point and was subsequently 
reduced to the order of 0.006 inches by the incorporation 
of an antifriction bearing. (Refer to Table 1, Section 3.12).
3.3 CONTINUOUS BEAM
The second case undertaken was that of the continuous 
beam and is intended to demonstrate the interpretation of 
influence Lines for reactions, using moire fringes.
3.* 31 TEST APPARATUS
- A one inch deep Perspex beam, -J- inch thick, was 
supported over two spans of 10 inches and 4.75 inches. The 
end reaction of the short span was replaced by a weight 
carrier on a knife edge, as shown diagramatically in Fig.
6. A dial indicator was also fitted, to measure 
deflection at tne end of the short span, to permit a check 
on modulus of elasticity. This was confirmed within 0.5 
percent. Improvement would have been achieved by machining 
the beams, but this was not considered warranted at this 
stage of the investigation.
3.32 FRINGE ANALYSIo
The model and reference grids were fixed as for the
Fig. 7 Moire Pattern of Influence Line for 
End Reaction of Continuous Beam,
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simple beam (Section 3» 12) and weights were applied to 
produce a deflection of 0.210 inches at the end of the 
short span. The vertical displacement of points along the 
beam was then calculated from the resulting fringe orders.
The fringe distribution is shown in Fig. 7.
The values of deflection so obtained were divided by 
the value of deflection at the end of the short span to 
give the influence line for the replaced reaction at this 
point.
3.33 THEORETICAL COMPARISON AND COMMENTS
The theoretical deflection curve was calculated from 
the equations for deflection of a beam overhung at one end, 
for an end span deflection of 0.210 inches. The computer 
programme and formulae are set out in Appendix 3. The 
influence curve so obtained for the short end reaction is 
shown plotted in Fig. 8 .
The reaction influence values calculated from the 
fringe orders are plotted over the theoretical curve in 
Fig. 8.
Difficulties occurred in detecting small deflections 
at the centre of the large span due to some initial 
mismatch and the coarse grid spacing used. The smallest 
reading that can reasonably be achieved is a half fringe 
order, corresponding to 0.010 inches.
Excellent agreement is obtained over the remainder of 




USE OF MOIRE TECHNIQUE IN ANALYSIS OF STRUCTURES
The previous section demonstrated how the moire 
fringe technique may be used to obtain influence lines of 
deflections. Such influence lines may be used to
determine the Value of redundant reactions for statically
• (S )indeterminate structures .
4.1 INFLUENCE LINES APPLIED TO STRUCTURES '
The ’’influence line of deflection” for a particular 
point on a structure is defined by the deflection curve of 
the structure when unit load is placed at that point. The 
deflection at the point is then given by the value of the 
ordinate of the influence line curve, as measured at the 
point to which the actual loan is considered to apply.
4.2 DETERMINATION OF REACTIONS
If a redundant reaction is replaced by a unit force,
the Mueller-Breslau Theorem shows that the deflection
curve so produced, is the influence line for the: redundant
reaction. The scale must be chosen so that the deflection
at the point of application of the unit load is unity.
The value of the reaction may be derived by use of
(IP )the Maxwell Betti Theorem of reciprocity; 7:
If a unit load acts at any point, A, on an elastic 
body and produces a deflection, d, at any other point, 
B, then a unit load applied at B, in the direction in 
which the original deflection was measured, will 
produce an equal deflection, d, at A, in the ‘ . . .
direction of the original load.

Dimensions shown in brackets 
show full scale lengths.
Dig. 10 Two Bay Portal Frame Model.
Fig.ll Moire Configuration of Influence
Line for Reaction He *
Hence the reaction is obtained by multiplying the ordinate 
of the influence line for the reaction at the point of 
application of the actual load, by the value of the load.
4.3 ANALYSIS OP PORTAL FRAME.
As an example of the technique, a two bay portal 
frame is considered, with a vertical load applied at the 
apex of one bay. The configuration is shown in Pig. 9.
4.31 TEST MODEL AND APPARATUS
19.
The model was produced from J inch Perspex with a 
sdale factor of 4.35. (Pu]l scale frame is indicated 
diagrammatically in Pig. 10 ).
Pringe spacing was 50 lines per inch and the grid 
lines for both model and reference grids were placed 
horizontally.
The frame was mounted on a backing piece by pin 
joints at the three portal column supports.
* Photographs of each displacement were taken using a 
Polaroid Model 180 Land Camera fitted with Portrait Kit 
No. 591. The film used was 3000 speed Black & White Film 
(19”, f80, 1/60).
4.32 PRINGE ANALYSIS .
Equal and opposite displacements were applied in the 
horizontal and vertical directions at the centre and outer 
supports. Only one outer support was considered because 
of symmetry. The fringe formation for each reaction 
displacement was recorded. Typical fringe configurations 
are shown in Pig. llf12 and 13*
Pig. 11 depicts the effect due to unit displacement
Pig.12 Moire Configuration of Influence
Line for Reaction Hj).
Pig. 13 Moire Configuration of Influence
Line for Reaction Vd .
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of horizontal reaction at E (HE),
Pigs. 12 and 13 depict effects due to unit 
displacements of horizontal (H-p) and vertical (V̂ ) 
reactions at D respectively.
For the case under examination, with a vertical load 
(P) at an apex, only vertical displacements throughout the 
frame are needed in order to obtain the influence ordinates 
for reactions due to P. Consequently the point C may be 
taken as zero (vertical) deflection.
The fringe formations were used to establish 
displacements of the frame centreline for unit displacement 
of each reaction. The influence ordinates were obtained by 
dividing each displacement by the maximum value, which 
occurred at A due to Vj). The actual fringe orders and 
corresponding influence values are tabulated in Table 2.




VB Af 23 0.46 0•H
VD Bf 11 0.22 0.48
B 0.5 0.01 0.022
Hd B* 3 0.06 0.13
hd . B 0.5 0.01 0.022
he B 1 2.5 0.05 0.104
TABLE 2
A L L IA N C E  NO . H 102
a l l ia n c e  NO. h 1 0 2
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The influence lines of vertical and horizontal 
reactions at supports D and E are plotted in Pig 14.
Applying the Maxwell-Betti Theorem of reciprocity, 
the values for reactions at D and E are obtained directlyo
from the respective influence ordinate at B', when 
multiplied by the value of the load P at B f. Reactions at 
D f may be obtained from symmetry by considering influence 
ordinates at B. The load P is taken as 10 kips.
Having obtained the values of suooort reactions 
bending moments for the whole structure may be obtained by 
taking moments about either side of each point. The 
experimental bending moment diagram, so obtained, is 
plotted in Pig. 15.
Typical calculations are set out in Appendix 3.
4.33 THEORETICAL COMPARISON AND COMMENTS.
Theoretical values of bending moment may be derived 
for particular cases, from computer based charts. Values 
obtained from Steel Designer’s Manual , (page 409)were
calculated and plotted in Pig. 15' to compare with values 
obtained from the moire analysis. Typical calculations 
are shown in Appendix 3*
Correlation is good in areas of relatively large 
'displacement. The order of accuracy obtained is 2.5 
percent at the haunches and 3 percent at the apex. As 
before, inaccuracies obtained were due to difficulties in 
differentiating in areas of less than half fringe values, 
i.e. less than 0.010 inches displacement. This would be 
overcome by the use of finer grid spacing.
However the experimental method is shown to be 
accurate in high stress areas, which would normally dictate 
the basis for design. In low stress areas, experience in
22.
the method would suggest the choice of the next highest 
fringe order, which would be conservative without 
unduly affecting effeciency of the design.
O SCI Jloiov" C
t
iig.16 Schematic Arrangement of Equipment 
Used for Vibration Testing of 
Cantilever Beam.
CHAPTER 5
USE OF MOIE: TECHNIQUE IE ANALYSIS OF bra rie::o
Loads applied under impact coalitions are 
very quickly throughout a structure. In order 
the suitability of the moire fringe technique 
analysis of deflection and strain, the degree 
of the fringe system was investigated. This w 
out by means of a cantilever beam subjected to







vibration applied to the free end.
5.1 TEST MODEL AND A D D A ^ . r  -Hir r h . u i . L S
The cantilever beam was formed from inch perspex 
and mounted as shown in Fig. is .
A Phillips Model PR 9270 vibration exciter was used to 
motivate the beam. The exciting force produced by the unit 
was 19.S los. (9 Kgs) with a displacement of .loinches 
(4m.m.) either side of the set point. The resonance 
frequency of the exciter spring system was about 730 cycles 
per second.
A Phillips excitation amplifier Model 129043 was used 
in combination with a Model Z9-060-69 R.C. oscillator to 
supply the exciting current to the exciter. The frequency 
range of the amplification system was 3 to 10,000 cycles 
per second.
A Kodak 16m.m. multispeed camera was used to record 
fringe movement.
In addition to the recording of fringe movement, the 
displacement of the end point of the cantilever -was also 
recorded by means of a linear transducer in conjunction 
with an oscilloscope. The operation of this equipment is
24
described in Section 6. 3* .
The schematic arrangement of the vibration test 
apparatus is shown in Fig. 16.
5.2 DYNAMIC CHARACTERISTICS OF TEST BEAM .
The dimensions of the test beam were to some extent 
limited by the vibration exciter stroke and the Kodak 
camera shutter speed. .
With a film speed of 64 frames per second and an 
exposure time of ith of frame time, it is possible to
 ̂ iobtain an exposure at th of a second. However, to
obtain a sufficient record of fringe movement, the range of 
the test was limited to 50 cycles per second.
A preliminary calculation indicated that a beam 
section of one inch deep, f  inch wide would be acceptable, 
with the point of application of the load being 6-g- inches 
from the fixed end.
The stiffness of the system was calculated as follows:
- Spring Stiffness
ke = 8EI 
T ?~
= 8 x 499,000 x 0.0217~  ------------------- --
= 315 lb.s/in.
Spring Force of Exciter = 19.8 lbs.
Initial deflection = 19.8 ~ ~ .y jy = 0.063 ms.
This is within the stroke of the exciter.
The natural frequency of the system was calculated as 
follows:
Specific gravity of perspex = 1.18
Mass per unit length
m = (1.18 x 62.4) x 0.244144 x 12 x 386"
-iâijô
a) 3 cycles p econd
-* r \* f '
.4'-
v
b) 10 cycles per second
Beam Deflection for Impact Test
c) 30 cycles per second*
et) 50 cycles per second*
Fig.17 Beam Deflection for Vibration Test.
e) 230 cycles per second«
f) 300 cycles per second. 
Pig.17 Beam Deflection for Impact Test.
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= 0.27 x 10  ̂lbs sec ̂  ins
Natural frequency
j * n = c r  e i
where
c = constant
= 0.56 for first node
= 3*'51 for second node
The dynamic modulus of elasticity for perpex is taken 
as 723,500 lb/in^ above 20 cycles per second.
Hence P~f n 1 = 0.56 0.0217 x 723*500
w 0.27 X io-4 x (6.5)4
= 319*6 cycles/sec.
This is outside of the range of the test.
5.3 TABULATION OE RESULTS
5.31 STUDY OF FREQUENCY RANGE
The range of vibration of the beam was investigated 
over the range 3 to 300 cycles per second. The readings 
are tabulated in table 3•and sample photographs of the 
displacement of the beam end, as recorded by the 
transducer, are shown in Fig.17 . One division of the 
oscilloscope registers 0.007 inches of deflection.
Instrument readings
25 volts, 240 ohms ±0.02
Volts per division =0.05
2 6 .
¡Photo ! Time per division:Vibration i Amplitude¡Attenuation.jJ. ” U 1U U C X 
1




--------------------------- 12 13 2 0 1 0 2  1 1 / f e4 1 0 3 ° 2 V A u  :5 1 0 5 0  , 1 . 5  ' 1 i / a
6 5 oCO 8  j 1 / 1 0  .7 1 0 2 0 0 1 0 1  :8 1 0 2 3 0  , 1 0 19 1 0 2 8 0 1 0 i  ;1 0 1 0 3 0 01 1 0
"I fx  ij
TABLE 3
5.32 STUDY OF MOIRE FRINGE FORMATION
A range of vibration settings was repeated, between 
0 and 50 cycles per second, using the Kodak camera to 
record fringe pattern formation. The settings are 
tabulated in Table 4. The amplifier was set on amplitude 
of 1 and attenuation of i. The camera was set 36 inches 
from the model with one fluorescent light. Initial 
mismatch of grids showed 5 black fringes and deformation 
under load showed 10 fringes, indicating 0.10 inches of 
deflection at commencement of the test.
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’ Test ' 
Number









10 16 8 10
32 5.6 . 11
64 4 12
30 16 11 13 '
8 14
5.6 15






. 50 16 : 8 22
32 : 5.6 223
64 ! 4 24








5.4 ANALYSIS OP MOIRE FORMATION
Prom the processed high speed photographs, two 
settings were chosen as being indicative of the results 
achieved.
5.41 MOIRE PATTERN AT THREE CYCLES PER SECOND
The moire pattern obtained from test No. 3 is shown 
in Pig.18 . The frame spacing is numbered from 1 - 20.
The deflection was calculated- from the moire pattern 













1 11 0.020 11 12 0.040
2 10 0.000 12 11.5 0.030
3 10 0.000 13 10.5 0.010
'4 10.75 0.015 14 10 0.000
5 11.75 0.035 15 10.25 0.005
6 11.75 0.035 16 11. 25 0.025
7 11 0.020 17 12 0.040
8 10 0.000 18 11 0.020
9 10. 25 0.005 19 10.25 0.005
10 10.75 0.015 20 10 Ò.000
TABLE 5
DEFLECTION OP CANTILEVER BEAM 
DUE TO FORCED VIBRATION -






The theoretical deflection curve for movement of the 
exciter at 3 cycles per second is graphed on Pig.19. Also 
plotted on this figure are the experimental values of 
deflection obtained from the moire pattern and taken from 
table 5.
■ A line of best fit is drawn through the experimental 
points and shows a drift of results. This is no doubt due 
to lack of synchronism between the camera and exciter. The 
drift amounts to 4.3$ in one second. However, allowing 
for synchronism of equipment and the fact that greater 
differentiation than f  grid spacing is not possible in 
determining deflection, the plotted values show agreement 
with the theoretical curve.
Displacement measured by the transducer is shown in 
Pig. 17 (a).
5.42 MOIIE PATTERN AT THIRTY CYCLES PEI SECOND
The moire pattern obtained from test No. 21 is shown 
- in*Pig. 20. The deflection as calculated from the moire 
pattern for each frame spacing is tabulated in table 6.
The theoretical deflection curve for movement of the 
exciter at 30 cycles per second and experimental values of 
deflection obtained from the moire pattern and taken from 
table 6 are graphed on Pig. 21.
The line of best fit, drawh through the experimental 
points shows a drift of 10$ in the time scale. However, 
the deflection values show good agreement considering the 
coarse grid spacings used in conjunction with the fine 
time spacing of 0.25 secs.
The displacement trace, as measured by the transducer 

















1 11 0.020 11 11 0.020
2 11.5 0.030 12 11 0.020
3 10 • 0.000 13 10 0.000
4 12 0.040 14 11 0.020
5 11 0.020 15 11 0.020
6 11 0.020 16 11 0.020
7 11.5 0.030 17 11 0.020
8 10 0.000 18 10 0.000
9 12 0.040 19 11 0.020oH------------- 10 0.000 20 10 0.000
TABLE 6
DEFLECTION OF CANTILEVER BEAM 
DUE TO FORCED VIBRATION “
THIRTY CYCLES PER SECOND
5.5 COMMENTS REGARDING VIBRATION WORK
The results obtained by moire fringe analysis show 
good agreement within the limitations of the equipment and 
grid spacings available. The advantages of the whole 
field" pattern over other experimental methods is apparent 
from Figs.l8 and 20.
High speed photographs obtained during tests Nos. 
22,23 and 24 at 50 cycles per sec. were difficult to 
interpret with accuracy. Frame speed was inadequate to 
provide a record of fringes, there being only an average 
of 1.2 frames per cycle. Film speed of 320 frames per 
second (equivalent) was insufficient to obtain clarity
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and fringe distinction.
The range of tests undertaken showed that correlation 
of results could be obtained to the limit of the equipment 
available, and it is considered that this fact demonstrates 
the scope of the raoire fringe technique. .
Two phenomenon are observed from the study of the 
frequency range in Section 6.31* :
1« In the lower frequency' range, from 3-10 cycles
per second, an asymmetric curve of deflection was 
observed with the transducer plot. This is shown in 
Fig .17 (a) and (b ) and appears to have been caused by 
the beam lagging the exciter at the top and bottom of 
the stroke. This was not detrimental to the present 
work owing to the coarse grid spacing. The abnormal 
deviations from the deflection curve are less than 
0.005 inches and could not be detected by \ grid 
spacing which corresponds to 0.005 inches.
2. Above a frequency of 100 cycles per second, the
. amplitude reduced progressively to 0.001 inches at 
300 cycles per second. This is depicted in Fig. 1?
(e) and (f) and appears to have been due to 
visco-plastic effects of the perspex which suggests 
that use of this materia.1 is limited in this range. 
Further study could be carried out using slave 
excitation of the cantilever,but this could not 
readily be done with the Philips PR9270 exciter.
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CHAPTER 6 .
tT3E OP MOIRE TECHNIQUE IN ANALYSIS OF IMPACT
6.1 APPLICATION TO DYNAMIC WORK -
There are two basic difficulties encountered in the 
dynamic analysis of bodies subjected to impact loading.
The first is due to the unknown magnitude of the 
stress resulting from the transfer of energy due to impact. 
Some energy is lost as heat in producing deflection.
Energy may also be absorbed in overcoming friction in the 
impacted structure.
The second aspect of dynamic study which causes 
difficulty in analysis relates to the small time interval 
over which the stress is transmitted. This can be of the 
order of micro seconds. A compounding effect is 
encountered due to the cyclic, transient nature of the 
stress wave produced. Although an elementary analysis of 
this problem is available (  ̂} the problem is most 
difficult in more complex shapes.
These phenomenon are suited to the whole field method 
of analysis. To develop the use of the moire fringe 
technique as a means of studying impact loading, the case 
of a dropweight on a cantilever beam is analysed.
6.2 DEFLECTION OF CANTILEVER DUE TO IMPACT
. The work done when a weight W is dropped on a 
cantilever beam of length L, is given by
Uw = W (H + 6 ) - (6.1)
where
Uw = work done
H = height of drop -
33.
• & = deflection produced.
The elastic strain energy, considering the weight of 
the beam to be negligible may be represented by
U F S  = T L M2dx 
2 2EI ’ (6. 2)
where
U = elastic strain energy
F = deflecting force
M = deflecting moment.
Integrating 
U = P2 l 3 (6.3)6EI ■
Substituting from beam theory for deflection of a 
cantilever beam subjected to a static force F.
S = g l 3 - (6.4)
3EI .
Equation (6.3) becomes .
° - ^  - («.5)
If we assume that no energy is lost, we may equate 
work done, equation (6.1), to elastic strain energy, 
equation (6.5V
= U
= 3EI S 2 -
Hence V,w










static + ̂ **^static 9
thences = £ static + (jc(^static) + 2H,̂ "static "]•'
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From this equation, the deflection due to impact may 
he obtained from the static conditions and the height from 
which the weight is dropped.
As stress is a direct relationship with deflection, 
dynamic stresses may be obtained by rewriting equation 
(6.7) ‘










The derivation of equation (6.7) assumes that stresses 
due to impact are distributed throughout an elastic body 
in the same manner as for static loading - i.e. all kinetic 
energy in the moving body is taken as being expended in 
producing strain. Actually some energy is dissipated in 
thè form of heat and can be found by equating momentum 
before and after impact.
A factor 1  is derived by Roak (l5) to account for 
energy lost due to heat and is applied to the energy term 
of equation (6.7)
Por the case of a moving body of mass M striking 
transversely, the end of a cantilever beam of mass Mq, with 
a body of mass M2 attached to the beam at the struck end,
K _ _  _ _ (6.9)1 + 3_3.._ E l + M2140 M M




Pig. 22 Test Rig for Beam under Impact Load.
6.3 TEST MODEL AN.) APPARATUS
The test model for impact study consisted of a -4 inch 
wide, one inch deep perspex cantilever beam of 7 inches in 
length with a one inch radius at the support. The drop 
weight was located in a plastic tube with a suitably 
attached trip wire. The impact force was transmitted to 
the beam by means of a steel rod positioned on the end of 
the beam. The arrangement is shown in Fig.22 where the 
symbols of equation (6.9) apply.
The 50 lines per inch grid used in the previous work 
was again adopted.
The fringe pattern was recorded with a Stalex 3,000 
frames per second, 16 m.rn. high speed camera, employing a 
rotating prism.
A Hewlett Packard 7 DO DT - 1000 direct current 
transducer was used to measure displacement of the 
cantilever as a comparison with values obtained by moire 
fringe analysis.
Power for the transducer was supplied by a 6 volt 
No. 1462 Eveready dry cell battery. The signal was 
monitored by a type 565 dual-beam Tektronic oscilloscope 
fitted with a type 3^75 direct current amplifier (time 
base -B, upper beam).
External D.G. triggering was used, and initiated by 
contact of the dropweight and contact rod. The power 
supply to the triggering mechanism was by means of a 
Heathkit model IP-20 regulated power supply, set to 
provide 5 volts and 13»5 m.a. direct current. -
The Polaroid Model 180 Land camera was attached to the 
oscilloscope through a series 125-f1*9-1•0.9 raagnification 
lense which was set at f5.9 aperture and "B" shutter




Pig« 23 Schematic Arrangement of Equipment Used 
for Impact Testing of Cantilever Beam«
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opening* The osci bioscope was set "bo p no vide single sweep 
via the external trigger mechanism*
Manual remote shutter operation was used.
The schematic diagram of the system is shown in Pi, 
23. '
6•4 THE PRETICAh_DE CT IMPACT




Mass of drop weight, M 
Mass of beam, Mq
Mass of rod
Mass of transducer shaft 
and attachment
0«2373 X (1.11)3 






0.747 lbs.Mass on end of beam, M2 =
Hence the factor to account for energy lost due to 
heat is given by - .
K -, , ( _33 Y 0« 075 % , 0.747
1 h40 x 2.05 ’ 2.05




Prom equation (6.4), taking an effective length of 
cantilever of 5.5 inches to allow for radii and position 
of drop weighty the static deflection is:-
static = 2.05 x (5.5)3 .3 x 723.500 x 0.027
= 0.0058 ins.
(The dynamic modulus, E, is taken as 723,500 lbs.
Pig. 2̂4  ̂Deflection Trace for Beam 
Subjected to Impact Load.
V} fi
.C
i to o oo
L_
Pig.25 Deflection Trace for Beam 
Subjected to Impact Load.
per sq. in. from section 5.2 )
Substituting in equation (6,7) and applying the K 
factor to the energy terra, for a drop distance of 6 inches 
S" = 0.0058 +,1(0.0058)2 + (2 x 6 x0.0058 x 0.723) }
= 0*2305 ins.
6.5 TABULATION OP RESULTS
The drop weight was released manually from a height 
of 6 inches and the trigger mechanism of the C.R.O. 
actuated automatically on contact. '
6.51 DEFLECTION MEASURED BY TRANSDUCER
A photograph of the C.R.O. trace, as taken with the 
Polaroid camera is shown in Pig. 24 .
The time scale per division was set at 50 milli secs, 
retarded by 7 milli secs. The voltage was set at 0.2 volts 
per division. The duration of the impulse may be 
calculated.
' 7 divisions = 7 x 57 = 399 m. s.
The deflection scale was calibrated to read 0.035 ins. 
per division.
A plot of the deflection as shown by the transducer 
is depicted in Pig. 25.
6.52 DEFLECTION MEASURED BY MEANS OP THE MOIRE FRINGE 
TECHNIQUE
Movement of the beam under action of the impact 
forces was. also registered with the Stalex camera to 
provide a record of the moire fringe formation.
The camera speed was calculated from the time cycle 
indication on the film. Based on a light time cycle of
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TJq th sec*, and 25 frames per cycle, the camera speed was 
shown to be 1250 frames per second*
The impulse due to the drop weight was recorded over 
500 frames, corresponding to 400 milli secs*
The length of film containing the deflection impulse 
was developed to a magnification of 4 for analysis 
purposes* The same section of film is reproduced in Fig. 
26 to a scale of 1:1.5.
The zero position was taken with the beam unloeided.
At this position the initial mismatch of the grids 
produced one fringe, which is shown in Fig.26 frame number 
1, and is taken as the datuum for fringe order.
A tabulation of the fringe movement and relevant 
frame numbers is shown in table 7 together with the 







______ _ _____ ■ - ------- -----—i
Remark
iH 0 0.00 - Rest position
-5 ' 1 0.’02 First contact of drop weight
19 10 0.20 Maximum deflection
56 0 0.00 Beam moves through rest position
59 1 0.02 Rod leaves beam
78 0 0.00 Beam returns to rest position
153 1 0.02 Rod returns to beam
183 0 0.00 Beam returns to rest position
244 1 0.02 Drop weight returns to beam
268 5 0.10 Maximum deflection
310 0 0.00 Drop weight leave beam
389 1 0. Drop weight returns to beam
412 3- .. 0.60 Maximum deflection





Remark . ___________ - -  ■ — — »
452 1 1 0*02 Beam and 
re st.
drop weight come to
-------------------------------------------------------------------------------- - V
A plot of the deflection taken from the moire 
analysis is shown on Fig. 27. The deflection curve as 
indicated from Fig. 25 by the transducer is also plotted on 
Fig.27 . The relevant time scale and film speed indicator 
spacing is also depiced.
6.6 ANALYSIS OF RESULTS
Comparison of the deflection curve as produced by 
the linear transducer on Fig.27 with the plotted 
deflection values from the moire analysis show excellent 
agreement. The major impact produced is recorded over 
frames 0 - 50 to an accuracy within one fringe reading, 
corresponding of 0*020 inches. The second and third 
impacts of the drop weight, produced as a result of 
rehound, are also accurately recorded. A secondary peak, 
produced by rebound of the force transfer rod, is also
detected, over frames 150 - 180.
Again the advantage of the whole field principle of 
the moire technique is evident. Although the linear 
transducer has produced the deflection at the end point 
over the total cycle, the moire record depicts the 
position of every point of the beam. This allows 
determination of the stresses produced in the beam^ K  
In addition, the transient displacement along the beam 
can also be studied.
The theoretical maximum deflection, as calculated in 
section 6.3 was 0.2305 ins. This is ten percent greater 
than the experimentally determined value.
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The formula used to derive this deflection assumes
idealised conditions which are not realised in practice 
viz.
— perfect elasticity of the bar
— rigidity of the moving body 
simultaneous contact ox the movinv body 
with all points on the end of the rod.
In the case of the test model, a damping effect 
caused by viscoelasticity of the beam would occur. 
Fiictional damping of the drop weight in the plastic tube 
and the conuact rod also tend to reduce the actual 
deflection due to impact. The results achieved by 
experiment, as recorded both by the transducer and the 
moire analysis are considered to be accurate and supported 
by the theoretical approach.
The problems associated with the theoretical analysis 
of this simple case emphasise the benefits of the moire 




The application of the moire fringe phenomenon as 
a simple, inexpensive and accurate method of studying 
deflection in structural members, was verified« The 
previous work relating to statically loaded structures 
was confirmed within the accuracy of the grid spacing 
available. Difficulties which occurred in detecting 
small deflections, less than one fringe spacing, would 
be minimised by using a finer grid spacing.
The results of the vibration studies exhibit close 
agreement at 3 and 30 cycles per second of oscillation 
and show the suitability of the technique to dynamic 
analysis.
The damping effects of the plastic used for the test 
model suggest that the practical limitation for this 
material with free response to the exciting force occurs 
at the order of 150 cycles per second.
The application of the principles to the study of 
impact show excellent agreement with the alternative 
experimental method used. The accuracy of the deflection 
curve is within the range of the grid spacing employed, 
being within 0.010 inches, which corresponds to one half 
fringe spacing. The time scale as recorded with the 
Stalex high speed camera also shows excellent agreemant 
with the alternative experimental method.
The benefits of the whole field principle of the 
moire technique are apparent when compared with the single 
point brace of the linear transducer. The moire fringe 
record permits the determination of displacement 
throughout the beam at each instance and demonstrates the
42'.
advantages of this technique in application to dynamic 
analysis of structures.
The finest commercial grid spacing locally available 
on self adhesive paper was 50 lines per inch. Although 
this grid permitted the principles of moire analysis to 
be established for impact studies and is adequate for 
preliminary work a finer grid should be employed for
greater accuracy. Grid soacings of 300 lines per inch are
• ( 5 )obtainable in America v '. Grid spacings of several 
thousand lines per inch have been used in the study of 
strain and stress analysis.
The Stalex camera was found adequate for the present 
study, producing some 500 separate readings of deflection 
over the total impact cycle of 400 milli seconds. However, 
higher speed cameras are available and would produce 
greater definition of high stress areas where warranted.
Since completing the present work, a brief reference 
has been noted, to recent studies in high speed photography 
using moire fringe techniques which are being carried out 
at the Atomic Weapons Research Establishment, Aide rmast on 
Using a reference grid of 5 m.m. spacings (5 lines per inch) 
good clarity has been achieved with camera speeds of up to
1.6 x 106 frames per second.
Impact Studies in Chapter 6 have related to deflections 
produced as a result of free falling weights. In most 
practical cases of vehicle and container loading, the 
impact is damped to some extent by various friction effects. 
Reference can be made to work carried out by Perry (̂ 7) 
using vermiculite concrete to provide damping restraints 
in impact test studies, where holes were drilled in the 
concrete to delay the rise time of the impact pulse by up 
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APPENDIX 1
This Appendix outlines typical calculations required 
in Section 3«
a) Calibration of Test Rig Used in Section 3*1
The test rig is diagramatically represented by Pig. 
27 .
The reaction at A, due to the lever self weight and 
weight carrier was determined by placing balance weights 
at C and resolving about B.
Balance weight T = 1 6  lbs.
Reaction at L
due to self weight = 16 x 3 = 2.18 lbs.
22
Test results from Ta bLe 1 (Section 3.12) show a
deflection of 0.125 inches for carrier weights of 50 lbs.
Resolving about B gives
w = P = (50 + 2.18) x 22 
. 2 2 x 10
= 57.2 lbs.
Where W = Beam reaction.




0.235 x (l.OV5)3 ■
. 12
0.0217 ins4.
Wl3 (3 a - (a)3)
6EI (41 (I) )
¿7- 2 ^ 103 __  (3 _2 _(23))




• The following equations were used to obtain 
theoretical deflection curves in Section 3«.
a) Beam in Pure Bending .
All symbols apply to Fig,27* .
Between support and adjacent. load (i.e. o N x <1 a)
y = Wx (3a (1 - a) - x2) ...• (A2.1)
6 SI '
Between loads (i.e. a < ! x < ! ( l ~ a )
y = Wa (3x (l ~ x) - a2) ___ (A2.2)
6EI . .
These equations were evaluated on the Olivetti
Programma 101 desk computer for increments in x of 0.25
inches for the test load of 57.2 lbs.
The following table lists the constants and registers
used.
* CONSTANT . STORAGE REGISTER
For equation A 2.1
W = 0.00088 
6EI
E
3a(l - a)= 48 F
Starting point x = 0.0 F
Step increment in







Constant a2 = 4 | C
r x
F -
a Vs 0 • 2 5 00 00 A 0
A t a . 0 • 0 1 0 5 4 6 A 0
E X
xa
0 0 500000 A 0
f X ■**> 0 021010 A 0
A 0
W itón 
l^ s l 
«JjsJ
0 750000 A 0
0) 0 051306 A 0Ni V 1•fe-aj«e«ai 000000 A 0
Q 0 041360 A0
1 250000 A 0
0 051061 A 0
Programme 1 5 0 0 0 0-0 A 0
o 0 060390 A 0
1 A0750000
- s . Ò 069203 A 0Haa 0u 000000 A 0
- 0 077440 AO
0*00068 Et 
. 4 6 Ft
0*0 ft 
0*25 at
D a t a  input Print-out
F i g . 29 Programme and Print-out for Equation A . 2.1.
© V
2 • 0 0 0 0 0 C A 0
0 - 0 7 7 4 4 0 A 0
2 • 2 £ 0 0 0 ö A 0
AV Q 0 - 0 8 5 0 3 0 A 0
f 1 2 - 5 0 0 0 0 0 A O'©I
e ♦ p 0 - 0 9 1 9 6 0 A 0
' A 0 i . 2 - 7 5 0 0 0 0 A 0
f t 0 - 0 9 6 2 3 0 AO
B i 0 3 - 0 0 0 0 0 0 A O'
f *
Sa& 0 - 1 0 3 8 4 0 A 0
f X
*Wa«$%f•?a» 3 - 2 5 0 0 0 0 A 0
b X . ' 0 lüfe 0 - 1 0 8 7 9 0 A 0.
C - tewFg0 3 - 5 0 0 0 0 0 Ä 0
D X C ■113060 A 0
A v 3 - 7 5 0 0 0 0 A 0
M V 0 - 1 1 6 7 1 0 A 0
4 - 0 0 0 0 0 0 AO
** 0 - 1 1 9 6 8 0 A 0
4 - 2 5 0 0 0 0 A 0Programme 1 0 - 1 2 1 9 9 0 A 0
4 4 - 5 0 0 0 0 0 AO
- TB« 0 - 1 2 3 6 4 0 A 0
K S x9%agl 4 - 7 5 0 0 0 0 A 0
0 - 0 0 1 7 6  Dt sa»«fetS 0 • 1 2 4 6 30 A 0
10 B t •§*S0 5 - 0 0 0 0 0 0 AO
3 b t ySs \ tisar *Sq 0 - 1 2 4 9 6 0 A 0
4 C t
1 . 7 5 ■ f ! . Print-out
0 = 23 et
Data* Input
P i g . 29 Programme and Print-out for Equation A. 2
Reaction at a is considered 
to be replaced by load W to 
obtain reaction influence 
line.*
Fig* 30 Simply Supported Beam Overhung
at One End.
CONSTANT » STORAGE REGISTER
Starting point x = 1.75 F
Step increment in
length = 0.25 ins E
The programme and sample printout are shown in Fig.29 . 
The deflection curve is plotted in Fig. 5.
13) Simply Supported Beam Overhung at One End 
All symbols apply to Fig.30.
Between load and adjacent support (i.e. oNxNc):-
y = (3cx - x2 + 2cl) ... (A2.3)6EI
Between supports (i.e. o <! x < 1)
y = Wcx (1 - x) (21 - x) ... (A2.4)6EI1
The following table lists constants and storage 
registers used in the computer programme for evaluating 
deflections at increment step lengths and a test load of 
20.4 lbs.
CONSTANT . STORAGE REGISTER
For equation A2. i
W = 0.00 31} E631
Constant 3c = 14.25 D
Constant 2cl= 95 F
Starting point x = 0.0 F







f  t {•;.$i Z
















P r o g r a m m e
5**4
. m




1 4 * 2 5 D t
WJ
0L
9 5 F 1
***
a
0•O f  t
<ms»
ü & à
0 • ?  5 e t ¿ *
••w,•aia
0
Î at a Input
♦ Print-out
Pig.31 Programme and Print-out 
for Equation A.2.3*
V
0 2 b 0 0 0 ö A 0
r\U 0 0 7 7 0 7 A 0
Ab • 5 0 0 0 0 0 A C
0 • 0 1 5 5 4 3 A 0
0 • 7 5 0 0 0 0 A 0
0 • 0 2 4 6 7 6 A 0
1 • 0 0 0 0 0 0 A 0
0 • 0 3 3 6 8 2 A 0
1 • 2 5 0 0 0 C A 0.
0 • 0 4 3 5 2 6 A 0
1 • 5 0 0 0 0 0 A 0
0 • 0 5 3 5 8 1 A 0
1 • 7 5 0 0 0 0 A 0
r '
0 • 0 fa 4 0 1 6 A 0
2 • 0 0 0 0 0 0 A 0
0 • 0 7 4 6 0 6 A 0
2 ■ 2 5 0 0 0 0 A 0
0 • 0 6 5 5 1 6 ' A 0
A
• 5 0 0 0 0 0 A 0
G • 0 5 7 3 2 2 A 0
0i_ • 7 b 0 0 0 ö A v
C • 1 0 6 5 5 0 A 0
"7.5 • 0 0 0 0 0 0 A v
G • 1 2 0 6 9 4 A 0
3 • 2 5 0 0 0 0 A 0
0 • 1 3 3 0 0 3 A 0
3 • 5 0 0 0  0 0 AO
0 • 1 4 5 2 6 6 A 0
3 • 7 5 0 0 0 0 A 0
0 • 1 5 7 7 2 1 AO
4 • 0 0 0 0 0 0 A 0
0 • 1 7 0 2 7 2 A 0
4 « '\> cr, 0 0 0 0 A 0
0 • 1 8 2 5 0 7 A 0
4 • 5 0 0 0 0 0 A 0
0 • 1 5 5 6 0 1 A 0
4 • 7 5 0 0 0 0 A 0





f î .1 » 0 0 0 0 A 0F 1
' f » O 0*0254 A 02*0000 A 0
D t mis*iè 0 * 0 4 2 ? A 0F I ws■ g 3*0000 A 0





§ 10*0000 A 0
H S I 0*0000 AO
0 * 0 0 0 1 4 8 6  E f  
■ 1 0 F t
4
0 * 0 f f Print-out
1 • 0 et
Data Input
Pig. 31 Programme and Print-out for Equation A.2.4.
49 1 *,
CONSTANT .  STORAGE REGISTER
for equation A.24
w c = 0.0001486 E
6EÎ Ï
1 = 1 0 f-
Starting point x = 0 * 0 f
Step increment in length = 1 . 0 E■■■—■■J LU..... .............. ,, ..........- - • . . .  -, .. . ..........  . . .
The programme and sample print-out are shown in Fig. 
31. The influence line required is obtained and described 




This apnendix contains calculations of Bending 
Moments for a two bay portal frame as studied in Section 
4. All symbols apply to Fig.32«
a) Theoretical Values of Bending Moment
The following valued were obtained ffom”Steel 
'Designer’s Manual” Page 409.
Clockwise moments are taken as positive.
P = 10 kips 1 = 25 •0"
> I! -0.08 PI — -20.0 kips ft.
m b = 0.133 PI = 33*30 kips ft.
MCI = -0.102 PI = -25.50 kips ft.
M q 2 = -0.024 PI — — 6.0 kips ft.
M C 3 = -0.078 PI = 19.50 kips ft.
bd H II -0.013 PI r r - 3.25 kips ft.
Ma i = -0.001 PI r = - 0.25 kips ft.
From thes e values the theoretical bending moment
diagram is plotted in Fig. 15 , Section 4.32.
b) Calculation of Support Reactions
From the influence ordinates derived by moire 








0.013 x 10 =
0.48 x 10 =
0.104 x 10 =
0.022 x 10 =







Using the above values of reactions and resolving 
forces, the following values of bending moment were 
achieved.
Moments about A ’
Ma = -Hp x 15 = -19.5 kips ft.
Moments about B
mB = -Hp x 20 + Vp x 12.5 = 33 kips ft.
Moments about Cp
Moi = -Hp x 15 + Vp x 25 - P x 12.5 = -24.5 kips
Moments about
Mc.3 = HE x 15 = 15.3 kips ft.
Moments about A1
M A1 = Up x 15 =3*3 kf p s ft
Moments about Bf
Mb * = Vp» x 12.5 + Hp» x 20 = 7.15 kips ft. 
Moments about C2 * -
- Mq2 = Vpt x 25 + Hp» x 15 =8.8 kips ft.
.$hese values of bending moment are used to plot the 
experimental bending moment diagram shown in Pig. 15, 
Section 4* 32.
c) Calculation of Bending Moments
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APPENDIX 4
REFERENCE-3 RELATING TO FURTHER YORK
During the course of investigating design methods for 
application to the container and behicle industry, a 
number of relevant references were located which, although 
not used in the present work, are listed for completeness 
and as a guide for possible future work on this subject.
(1) BEAUFIAT. F. ,
(2) BEAUFlAT. F. and 
GRAY.,
"Analysis of Continuous Folded 
Plate Surface", A3CE. Proc. 
Vol. 91» Dec. 1965» p* 117«
"Experimental Analysis of 
Continuous Folded Plates", 
A3CE. Proc. Vol. 92, Paper No. 
4661, Feb. 1966, p. 11.
(3) BROWN and 
. VINCENT,
"Relation of Stress and Strain 
in Impact", Proc. 1. Mech E., 
Vol. 145» Jan./June, 1941»
p. 126.
(4) CH03Y. E.
(5) DURELLI. A.J., 
DALLY. J. '/. and 
RILEY. vV. F. ,
"High Strength Steels in 
Transportation", Metals Progress, 
Feb., 1968, p. 63.
"Developments in the 
Application of the Grid Method 
to Dynamic Problem", Journal 
Applied Mechanics, Trans. A3ME, 
Vol. 81, 1959, p. 629.
(6) LEEMBRUSSEN. L. R. "Cost Comparison for Aluminium 
Vs. Steel" freight and 
Container Transport, June, 1967, 
p. 32.
(7) MACAULAY . M.A. 
and REDWOOD. R.G. ,
(8) MALIM. T.f
"Small Scale Model Railway 
Coaches:Under Impact", Engineer, 
Dec. 25, 1964, p. 1041*
"Metals for Containerization", 
Iron Age, July 6, 1967, p. 62.
(9) POWELL,, "Comparison of Simplified
Theories for folded Plates", 
ASCE. Proc. Vol. 91, Dec. 1965,
p • 1.
(10) RAWLINGS. B. , "Dynamic Behaviour of Mild Steel
in Pure flexure", Proc. Royal 
- Society. Series A, Vol. 275,
No. 1363, Oct. 29, 1963, p. 529.
(11) RAWLINGS. B.,
(12) RAWLINGS. B.,
"Present State of Knowledge of 
Behaviour of Steel Structures 
Under the Action of Impulse 
Loads", Civil Engineering Trans. 
I.E. Aust. Vol. CE5 No. 2,
Sept. 1963, p. 89.
"Impact Tests on Model Steel 
frames", Paper No. 6778, Proc.





(15) HOCKEY. K.O. 
and HILL H. V.
(16)
( 1 7 )
"Analysis- of the Dynamic Behaviour 
of frames Structures", Research 
Report, R40, Dept. Civil Engineering 
Uni. of Sydney, Oct. 1962.
"Container Design",
Environmental Engineering Quarterly, 
July, 1965, p.31.
"Thin Jailed Steel Structures", 
Symposium, Swansea School of 
Engineering, Sept., 1967.
"Corner Fittings for Freight 
Containers", Aust. Standard 
E45-1969.
"Specification for Freight ' 
Containers", British Standard 
3951-1967.
